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TomographyGreen plant photosystem II (PSII) is involved in the light reactions of photosynthesis, which take place in the
thylakoid membrane of the chloroplast. PSII is organized into large supercomplexes with variable amounts of
membrane-bound peripheral antenna complexes. These supercomplexes are dimeric and contain usually 2–4
copies of trimeric LHCII complexes and have a further tendency to associate into megacomplexes or into
crystalline domains, of which several types have been characterized. This review focuses on the overall
composition and structure of the PSII supercomplex of green plants and its organization and interactions within
the photosynthetic membrane. Further, we present the current knowledge how the thylakoid membrane is
three-dimensionally organized within the chloroplast. We also discuss how the supramolecular organization in
the thylakoid membrane and the PSII ﬂexibility may play roles in various short-term regulatory mechanisms of
green plant photosynthesis. This article is part of a Special Issue entitled: Photosystem II.system II.
+31 20 598 7999.
ll rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction
Photosystem II (PSII) is one of the key proteins of the light reactions
of photosynthesis. It is universally distributed throughout prokaryotes
and eukaryotes capable of oxygenic photosynthesis, including higher
plants, macroalgae, diatoms, dinoﬂagelates, and the oxyphotobacteria
(cyanobacteria and prochlorophytes), but not in archea [1]. In this
reviewwewill focus on the green plant system. The function of PSII and
its role in the light reactions of photosynthesis cannot be understood
without a detailed knowledge of its structure, including its peripheral
antenna. Over the last two decades a substantial effort has been put on
solvingmedium (4–10 Å) to high-resolution (b3 Å) structures of intact
PSII complexes [2–7], single subunits [8–12] and light-harvesting
complex II (LHCII) [13,14], which forms part of the peripheral antenna.
Most of the high resolution information, however, has been obtained
with cyanobacterial PSII complexes, which are generally more stable
than the complexes fromplants. There is also an increasing emphasis on
the interaction of these complexes into higher order associates, like
supercomplexes. This is not unique for the chloroplast, since also in the
(plant) mitochondrion the existence of several supercomplexes has
been described, such as a dimeric form of the ATP synthase [15] and a
supercomplex consisting ofmonomeric complex I and dimeric complex
III [16].
A good understanding of the reactions performed by PSII does,
however, not only require a deep knowledge of its structure including
the peripheral light-harvesting complexes, it requires also knowledgeof how PSII works together with the other main protein complexes
such as photosystem I (PSI) and the cytochrome b6f complex in the
photosynthetic membrane to perform the primary light reactions.
This is particularly relevant for the light-harvesting function and its
regulation. During evolution green plants have adapted different
strategies to develop and survive in very diverse environmental
conditions characterized by high light or low light, strongly
ﬂuctuating light conditions, conditions in which the incoming light
is spectrally altered due to shading by water or other photosynthetic
organisms or certain types of stress conditions.
To understand how PSII works in the photosynthetic or thylakoid
membrane we have to study this membrane in detail within the intact
chloroplast. The thylakoid membrane forms a physically continuous
three-dimensional network that encloses a single aqueous space, the
thylakoid lumen. A characteristic feature of this membrane is its
extensive folding. As a consequence, the thylakoid membranes of
vascular plants and some green algae are structurally inhomogeneous.
They consist of two main domains: the grana, which are stacks of
thylakoids, and the stroma lamellae, which are unstacked thylakoids
and connect the grana stacks. Three-dimensional models of the spatial
relationship between grana and stroma thylakoids show that PSII and
LHCII reside mainly in the grana membranes, while PSI and ATPase
reside predominantly in the stroma and the cytochrome b6/f complex
is distributed about evenly between the two types of membranes. It is
important to realize that protein–protein interactions determine for a
major part the shape and folding pattern of the thylakoid membrane
[17]. In other words, we need to know the precise interactions of PSII
with its neighbors within the intact chloroplast to fully comprehend
how the light reactions of photosynthesis occur under changing light
and environmental conditions.
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PSII supercomplex of green plants and its organization and in-
teractions within the photosynthetic membrane. Further, we present
the current knowledge how the thylakoid membrane is three-
dimensionally organized within the chloroplast and ﬁnally how this
organization can play roles in the various photosynthetic regulation
mechanisms.
2. Molecular organization of photosystem II
2.1. Peripheral antenna
In higher plants, the peripheral antenna consists of a number of
pigment–protein complexes belonging to the Lhc super-gene family
[18]. Two types of peripheral antenna proteins associated to PSII can
be distinguished. The most abundant complex is the so-called “major”
LHCII antenna complex. This complex occurs in a trimeric oligomer-
ization state and consists of various combinations of three very similar
proteins, encoded by the Lhcb1, Lhcb2 and Lhcb3 genes, which usually
occur in a ratio of about 8:3:1 [19]. In addition, there are three “minor”
antenna complexes, which are called Lhcb4 (CP29), Lhcb5 (CP26) and
Lhcb6 (CP24) and usually occur in monomeric states. All these
complexes bind various pigment molecules and the high-resolution
structures of the major trimeric LHCII complex and CP29 have been
solved [12–14]. It is likely that the minor complexes CP26 and CP24
adopt rather similar overall three-dimensional organizations.
2.2. PSII–LHCII supercomplexes
A variable number of peripheral antenna proteins can associate
with dimeric PSII core complexes to form PSII–LHCII supercomplexes
[17]. These supercomplexes have been denoted according to their
composition. A dimeric core, C2, can associate with up to four copies of
peripheral LHCII trimers. Connection of the ﬁrst two LHCII S-trimers
extends a C2 complex to a C2S2 supercomplex, and two further M-
trimers are bound in a C2S2M2 supercomplex [20]. Spinach super-
complexes may bind a third type of L-trimer, but the resulting
C2S2M2L1–2 supercomplexes are rare. The C2S2 supercomplex contains
almost all PSII core proteins [21], but from the peripheral antenna the
Lhcb3 and CP24 proteins appear to be absent [22]. A three-
dimensional structure of this supercomplex from spinach was
constructed using a low-resolution 3D electron density map obtainedFig. 1. Projection map and a structural model of the PSII C2S2M2 supercomplex. (A) Top view
single particle electron microscopy. (B) Assignment of the subunits of the supercomplex by
extrinsic subunit PsbO are highlighted in blue, cyan, salmon, pink and yellow, respectively) a
PSII core monomer, “C”-, “S”- and “M”-type of LHCII trimers and the minor antennas, CP24, C
and orange contours, respectively. Adapted from Ref. [24].by single particle cryo electron microscopy [23]. A recent analysis
concerns the larger, C2S2M2 supercomplex of Arabidopsis thaliana and
shows details at 12 Å resolution [24], permitting a more accurate
ﬁtting of the peripheral antenna proteins, based on the known LHCII
structure. The combination of high-resolution structures of compo-
nents with the low-resolution provided by electron microscopy is
useful because the precision of ﬁtting an X-ray structure into an EM
density map is much better than the resolution of the EM data [25].
The model is presented in Fig. 1 and shows howwithin the PSII–LHCII
supercomplex the innermost LHCII S-trimer is attached to a dimeric
PSII via CP29, binding to one PSII coremonomer and CP26 to the other.
Indeed, monomeric cores with a full set of peripheral antenna
particles have never been observed in disrupted grana, although
recently a particle consisting of a monomeric core plus CP26 and one
LHCII trimer was found in Arabidopsis [24]. The need for dimeric core
conﬁguration also explains why the peripheral antenna proteins
easily detach from PSII during the transition from dimer to monomer.
No intact supercomplexes could be isolated from Arabidopsis plants
expressing antisense constructs to CP29 [26], although recently small
numbers of PSII–LHCII supercomplexes with empty Lhcb4 binding
sites could be found [S. de Bianchi, N. Betterle, R. Kouřil, S. Cazzaniga,
E. J. Boekema, R. Bassi and L. Dall'Osto, Plant Cell, in press]. This
suggests that CP29 occupies a unique position in the PSII macrostruc-
ture and that in contrast to CP26 its presence is essential for the
formation of PSII–LHCII supercomplexes. Both the CP29 and CP26
antisense mutants showed a rather normal photosynthetic perfor-
mance, although the mutants showed slightly different ﬂuorescence
characteristics and an increased number of PSII centers [27]. This
suggests that the organization of PSII and LHCII into supercomplexes
is not absolutely required for photosynthetic performance, at least
under normal physiological conditions and light levels.
A more peripheral LHCII trimer (M-trimer) is attached via CP24
and CP29. CP24 is necessary for binding the M-trimer because
Arabidopsis plants depleted of CP24 do not form C2S2M2 super-
complexes [28]. In the green alga Chlamydomonas reinhardtii, which
lacks CP24, only C2S2 supercomplexes could be detected [17]. Some
small core subunits, such as PsbW, are also necessary for intact
supercomplexes [29], but their localization is not yet clear.
Analysis of supercomplexes isolated from Arabidopsis plants
expressing an antisense construct to Lhcb2 revealed that the LHCII
binding sites are not unique for the various types of trimers [30]. In
these plants, not only was the synthesis of Lhcb2 almost completelyprojection map of the C2S2M2 supercomplex from Arabidopsis thaliana obtained from
ﬁtting the high-resolution structures of PSII core [7] (subunits D1, D2, CP43, CP47 and
nd Lhcb [13] (trimeric LHCII and monomeric Lhcb in dark and light green, respectively).
P26 and CP29, are schematically depicted in blue, light green, cyan, light blue, magenta
4 R. Kouřil et al. / Biochimica et Biophysica Acta 1817 (2012) 2–12abolished, but also that of the strongly related Lhcb1 protein [31]. It
appeared that in these plants, the expression of the antisense Lhcb2
construct resulted in strongly increased levels of CP26 and (to a minor
extent) Lhcb3, and that supercomplexes were formed with trimers
consisting of Lhcb5 and Lhcb3 at the S- and M-binding positions [30].
This replacement is unique, because expression of antisense con-
structs to the minor peripheral antenna proteins and to the peripheral
antenna proteins of PSI did not lead to increased synthesis of other
proteins, and stresses the importance of the particular organization of
PSII and LHCII in supercomplexes.
2.3. Energy transfer
The recent structures of PSII–LHCII supercomplexes allow a more
detailed description of the energy transfer routes from the peripheral
antenna to the core antenna and the reaction center. Fig. 2 shows the
chlorophylls and carotenoids of one half of the C2S2M2 supercomplex,
based on data reported in Ref. [24], with chlorophylls a in green and
chlorophylls b in blue to point out the major routes of energy transfer
between the pigment–protein complexes, based on a relatively close
proximity of chlorophylls a in adjacent complexes (arrows Fig. 2).
Chlorophylls b are probably only to minor extents involved in energy
transfer between complexes, because their energies are at least 2 kBT
higher than those of chlorophylls a. The ﬁgure shows that within each
PSII core monomer, there are two major routes of energy transfer, i.e.,
from CP47 to the RC and from CP43 to the RC (yellow arrows), and
that within the supercomplex there are also two major routes of
energy transfer to the PSII core (blue arrows). The ﬁrst route goes
from S-LHCII and/or CP26 to CP43 and the PSII core monomer on the
left in Fig. 2, the other route goes from M-LHCII and CP24 via CP29 to
CP47 and the other PSII core monomer on the right in Fig. 2. Along the
sides of the PSII core, there is a rim of pigment-free low-molecular
mass proteins (indicated by grey bars in Fig. 2), which prevents a closeFig. 2. Energy transfer routes within the PSII C2S2M2 supercomplex. The chlorophylls
and carotenoids of one half of the C2S2M2 supercomplex are depicted, with chlorophylls
a in green, chlorophylls b in blue and carotenoids in orange. The six central chlorophylls
and pheophytins of the PSII RC are depicted in yellow. The arrows indicate major routes
of energy transfer between (i) the RC and the core antenna proteins CP43 and CP47,
(yellow arrows), (ii) within the supercomplex (blue arrows), and (iii) to or from
possible neighboring (super)complexes within the membrane (green arrows). Grey
bars indicate a rim of pigment-free low-molecular mass protein subunits. The model is
based on data reported in Ref. [24].proximity of chlorophylls between neighboring complexes and
therefore makes energy transfer through this part of the structure
less likely. This means that energy transfer to the supercomplexes
within themembranewill predominantly ﬂow through the peripheral
antenna (green arrows) and not among dimeric PSII core complexes.
This structural arrangement could be advantageous for the effective-
ness of regulatory processes of light harvesting (such as high-energy
quenching, see below).
3. Organization of supercomplexes in stacked grana membranes
There is quite some variation in the numbers and distribution of
the PSII supercomplexes over the grana membranes. Most grana
membranes show a rather random organization (Fig. 3A), but in some
conditions, which are still not exactly understood, large parts of the
membranes occur in semi-crystalline domains and row-like associa-
tions (Fig. 3B, C). The formation of semi-crystalline domains in the
membrane requires a physical separation of PSII supercomplexes from
the other membrane proteins, e.g. free LHCII proteins or PsbS (see also
the Section 5.2), which can hamper a speciﬁc ordering of PSII
supercomplexes into 2D arrays. However, the forces which lead to
the protein separation, remain to be elucidated. It is likely that the
ordered conﬁguration is energetically favorable and that the random
conﬁguration is entropically favorable, and so it is possible that the
network of forces at work in the membranes is balanced in such a way
that relatively large structural changes (from disorder to order and
vice versa) become possible with minimal energetic changes, thus
allowing functional modiﬁcations.
Crystalline 2D arrays of dimeric PSII have been observed decades
ago after freeze-etching and freeze-breaking of green plant photo-
synthetic membranes (see Refs. [17,22,32] for recent reviews). There
is quite some variation in these crystalline arrays, which depends on
factors like temperature and biochemical composition of the grana
membranes. At least three types of supercomplexes can form the
crystals (C2S2, C2S2M and C2S2M2), see Ref. [17] and moreover, these
different types of particles can arrange in several different types of
packing, which means that the interaction with neighbors is different.
A recent novel type of packing of C2S2M2 found in Arabidopsis is
presented in Fig. 3D. The relevance of such crystals was not clear until
recently when Kirchhoff et al. could relate the crystals to light
conditions [33]. They found a remodeling of the photosynthetic
machinery induced by growing spinach plants under low light
intensities. This caused an up-regulation of light-harvesting com-
plexes and down-regulation of PSII and cytochrome b6f complexes in
intact thylakoids and isolated grana membranes [33]. The antenna
size of PSII increased by 40–60% as estimated by ﬂuorescence
induction and LHCII/PSII stoichiometry. These low light-induced
changes in the protein composition were accompanied by the
formation of ordered PSII complexes in grana thylakoids as detected
by electron microscopy. They suggested that the supramolecular
reorganization in ordered arrays in low light grana thylakoids is a
strategy to overcome potential diffusion problems in this crowded
membrane [33].
A further variation in the organization of supercomplexes is caused
by the occurrence of pairs of supercomplexes. Image analysis of these
pairs has indicated that the supercomplexes can laterally associate to
each other in rather speciﬁc ways to formmegacomplexes. In spinach
three types of megacomplexes (dimers of supercomplexes) have been
observed thus far, while in Arabidopsis a fourth type was found [17].
Some of these megacomplexes appear to be similar to two building
blocks within the crystalline arrays [17].
Finally, the higher association of supercomplexes is not restricted
to one grana membrane. It appeared that ordered PSII arrays are
formed in two adjacent membranes, which are in a speciﬁc contact
through their stromal sides. There are preferential angles between
rows in opposing membranes, both in spinach and in Arabidopsis
Fig. 3. The higher organization of PSII complexes in the thylakoid membrane. Examples of electron micrographs of negatively stained pairs of thylakoid membranes isolated from
Arabidopsis thalianawith either a random (A) or ordered (B) organization of PSII complexes. Detergent treatment removed the margins; the black arrows point at remaining single
membranes at the periphery. The inset in (A) shows the result of single particle analysis of 224 PSII particles selected from the electron micrograph. The projection map shows a
typical density of the PSII core complex. The inset in (B) shows the result of single particle analysis of 96 sub-areas of ordered arrays of PSII complexes selected from the electron
micrograph. (C) Assignment of the 2D array of PSII from (B) by the ﬁtting of the structural model of the PSII C2S2M2 supercomplex according to Ref. [24]. (D) A novel type of packing
of the PSII C2S2M2 supercomplexes. Scale bar for the electron micrographs in (A, B) is 100 nm.
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least for the central part of the domains. For spinach the preferential
angles were about 3° and 46° [35] or about 90° [34], and for
Arabidopsis they were about 32° and 58° [36]. The fact that optimal
angles are different for these two plant species is related to different
basic units (C2S2M and C2S2M2, respectively). These crystals indicate
that the organization of the complexes in one membrane affects the
organization of complexes in the opposing membrane and in
particular, the preferential angles induce a strong overlap of LHCII
trimers of adjacent layers (Fig. 4).
Much of the earlier work on the organization of PSII–LHCII
supercomplexes in grana membranes was performed on detergent-
derived membrane fragments, the so-called BBY preparations [37]. It
was recently shown that the protein packing ratio in these
membranes is about 80%, which is slightly higher than the ratio of
70% found in intact grana thylakoids [38], and that dilution of BBY
membranes with lipids down to the ratio of 70% resulted in an
increased antenna size and enhanced connectivity between reaction
centers. Further dilution resulted in a functional disconnection
between PSII and LHCII, suggesting that a packing ratio of about 70%
brings about optimal photosynthetic performance, by keeping on one
hand the distance between the various antenna and PSII core
complexes as short as possible to allow fast excitation energy transfer
kinetics, and on the other to allow sufﬁcient structural ﬂexibility to
allow long-range transport of plastoquinone and to respond optimally
to short-term physiological adaptations (e.g., high-energy quenching,
state transitions, D1 repair).
In line of this, it was recently shown that excitation energy transfer
in PSII is somewhat slower in intact thylakoids than in isolated PSIImembranes [39], suggesting on average a larger distance between PSII
and a part of the peripheral antenna in physiological conditions. It was
furthermore shown that PSII ﬂuorescence lifetimes were similar in
wild-type thylakoids and in thylakoids obtained from a mutant
lacking CP26, whereas longer PSII ﬂuorescence lifetimes were
observed in mutants lacking CP29 or CP24 [39]. It was discussed
above that mutants lacking CP26 retain the supramolecular organi-
zation of PSII and LHCII, whereas in mutants lacking CP29 the
supercomplexes are much less stable [26], so this result suggests that
an organization of PSII and LHCII in supercomplexes facilitates the
transfer of excitation energy to the PSII core complexes. The absence
of CP24 prevents the formation of C2S2M2 supercomplexes but retains
the possibility to form C2S2 supercomplexes [28], suggesting that in
particular the additional M-LHCII–CP24–CP29 energy transfer route
(Fig. 2) is important for allowing fast energy transfer between
peripheral and core antenna.
4. Overall chloroplast membrane topology
The thylakoidmembrane of higher plants forms a very characteristic
network consistingof grana stacks interconnectedbystroma thylakoids.
The 3D architecture of the granum–stroma assembly and the entire
thylakoid membrane network is intriguing, especially because of the
ability of the membranes to undergo reversible changes in folding and
organization under varying environmental conditions [40,41]. In the
next sections we will focus on the most recent efforts to determine the
overall 3D organization of the thylakoid membranes, of which the
capacity to form grana stacks is a well-known aspect. In a previous
review we discussed several aspects of the stacking, such as the factors
Fig. 4. Example of preferential stacking in paired inside-out granamembranes from Arabidopsis thaliana. (A) Electronmicrograph of a negatively stained grana fragment of a 58°-type
in which the layers make an angle of about 58°. (B) Simulation of the overlap pattern in the 58°-type crystal, based on 150 averaged crystals [36]. Asterisks indicate positions where
PSII core complexes (in red) of adjacent layers match optimally. (C) The speciﬁc positions of the core complexes of two layers cause a strong local overlap of part of the LHCII trimers
(light green).
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within the stacks and the location of the cytochrome b6/f complex [17].
Some are worth to repeat brieﬂy, to better appreciate novel ﬁndings
about changes in response to stress and other factors.
One of the main consequences of stacking is the physical
separation of PSI and PSII. The stacking not only prevents spill-over
of excitation energy, but it also provides the chloroplast the means to
ﬁne-regulate the light requirements for photosynthesis and provides
PSII a very large functional antenna, in which excitation energy can
ﬂow within a thylakoid membrane and between two stacked
membranes until an ‘open’ PSII reaction center is found. In addition,
it provides an easy means to adapt to low light conditions, in which
both the amount of LHCII and the extent of stacking have been shown
to increase [17]. It is also possible that a physical separation of PSII and
PSI is required to ﬁne-tune the balance between linear and cyclic
electron transport, as discussed before in more detail [17].
4.1. Architecture of chloroplast thylakoid membrane
Despite considerable efforts to get a detailed view of the 3D
organization of the thylakoid membranes using different experimental
approaches (employing conventional electron microscopy, state-of-
the-art cryo electron tomography or atomic force microscopy), there is
not yet a consistent view of the overall membrane architecture.
Discrepancies in the interpretation of structural data can be caused by
technical limitations of different experimental approaches and thus in
the resolution of 3D reconstructions, or by the ﬂexibility of the plant
material. A major obstacle is the size of the entire thylakoid membrane
systemwithin an intact chloroplast. This size is just exceeding the limits
of the penetration power of a medium-voltage transmission electron
microscope and thus makes their direct visualization in an intact form
unachievable. Analysis of either thin sections or partially solubilized
thylakoidmembranes can be applied to overcome the sample thickness
limitation [42], however, at the cost of loss of intactness of the 3D
membrane architecture.
In the last 40 years, several models of the thylakoid membrane
organization have been proposed (see Ref. [43]). Two of them, the
helical model and the fork or folded membrane model (Fig. 5), can be
discussed as appropriate models of the thylakoid membrane
architecture.
4.1.1. Helical model
In the helical model, which was derived from EM studies of thin
sections and serial sections of chemically ﬁxed thylakoid membranes
[44], the tilted stroma thylakoids are wound around the granal stacks
in the form of multiple right-handed helices, where each granumthylakoid is connected to an average of seven stroma thylakoids
(Fig. 5A). The helical arrangement of the stroma thylakoids around
grana was further supported by other electron microscopy techniques
including scanning electron microscopy [45] and freeze-fracture EM
[46]. More recently further evidence came from a number of electron
tomography studies: (i) on serial sections of chemically ﬁxed
membranes [47], (ii) on high pressure frozen and freeze-substituted
sections of chloroplasts [48], and (iii) on high pressure frozen vitreous
sections of isolated chloroplasts and thylakoid membranes [34]. In
addition, these new tomography data revealed new and unexpected
features. For instance, the periodicity of the connections between the
stroma and grana thylakoids appeared to be more variable than
previously proposed. Furthermore, there are fewer connections
between one particular granum thylakoid and its surrounding stroma
thylakoids [48]. Also the number of connected grana thylakoids in a
stack by one spiral stromal thylakoid seems to be lower than
previously thought [34,48]. Finally, dimensions of the connections
between the stroma and grana thylakoids were found wider and also
more variable in size [34,48]. Thus, their possible role in a regulation
of the ﬂow of ions, membrane molecules and proteins between
stroma and grana thylakoids was suggested [48]. On the other hand,
the observed variable dimensions of membrane connections can be
accidential and thus these variations do not necessarily point to a
regulatory role.
4.1.2. Fork model
In the fork or folded membrane model, which was originally
proposed to illustrate the lateral heterogeneity in the distribution of
PSII and PSI in the thylakoid membrane [49], the stroma membranes
bifurcate and make a fork, which connects two adjacent grana
thylakoids within a stack (Fig. 5B). The model became popular in
the ﬁeld especially due to its ability to illustrate in a simple and
understandable way a principle of a dynamic reversible folding/
unfolding of the thylakoid membrane [50]. Although the proposition
of the fork model was not based on direct structural data, the fork
motif was observed in many micrographs, including those of thin
serial sections, which were, however, interpreted in favor of the
helical model, due to a low depth resolution of serial sectioning [47].
Strong evidences for the existence of the fork at the granum–stroma
assembly were provided by cryo tomography on cryo immobilized
and freeze-substituted sections of intact leaves [42] and high pressure
frozen vitreous sections [34]. The former work further indicates that
the adjacent grana membranes fuse both at the margin of and within
grana stacks, which is important for granum formation [42]. However,
the formation of such membrane bridges would put signiﬁcant
constraints on the reversible membrane folding/unfolding. Structural
Fig. 5. Two current models for the 3D organization of thylakoid membranes in plant chloroplasts. (A) The helical model (from Ref. [43]). (B) The fork model (based on earlier
drawings ﬁrst presented in Ref. [49]) with a schematic presentation of PSII and LHCII trimers in dark and light green, respectively. The black arrows indicate a fork formation.
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tions indicate that a signiﬁcant alteration of the membrane organi-
zation is accompanied by a reversible membrane ﬁssion and fusion
[51]. Interestingly, recent tomography data suggest the existence of
tubular interconnections between adjacent parallel stroma thylakoids
[48].
4.1.3. Conclusions of overall 3D structure
In the light of these novel ﬁndings, it is evident that our current
structural models are still rather limited and there is a clear need for
further improvements of our structural knowledge of the thylakoid
membrane architecture to better understand dynamic changes in the
membrane folding. Earlier models of the thylakoid membrane
organization, which have been obtained using conventional micros-
copy techniques, are now challenged by new tomography data
[47,52,53]. Undoubtedly, a study of intact frozen-hydrated samples
(free of ﬁxation artifacts) using cryo electron tomography on a high-
voltage electron microscope is an approach that could shed light on
the grana structure, the granum–stroma assembly and the grana
dynamics, because it visualizes the protein complexes within the
membranes and therefore can provide insight in the molecular
interactions that underlie the membrane architecture. However, any
further reﬁnement of current models will depend very much on the
performance of electron microscopy hardware to reach better data
acquisition and on perfecting tomography reconstruction techniques,
necessary to image complete chloroplasts.
4.2. Dynamic rearrangements within the grana stacks
Besides the enigmatic 3D organization of the entire thylakoid
membrane, the individual grana stacks possess other intriguing
features. Firstly, although the diameter of single grana discs usually
varies within a rather narrow range between 300 and 600 nm [43,54],
the extent of grana membrane stacking is highly alterable under
different and often varying environmental conditions [55]. Shade-
type plants are characteristic for much broader grana with more
stacked thylakoids per granum compared to sun-type plants [56].
Even a short exposure of plants to a lower light intensity results in a
loss of small grana and formation of larger ones. The opposite is
observed under a higher light intensity, although the total changes of
the grana membrane stacking (a grana disc area) did not exceed 20%
[57]. Surprisingly, a high light treatment induced a similar effect on
grana membrane stacking, which was observed under a low light
intensity. The observed effect of light quantity on the grana
membrane stacking was attributed to a structural alteration that
occurs in the thylakoid membrane during state transitions, as they
were found to be controlled by the light intensity, not exclusively by a
spectral light quality [58]. However, further studies showed that state
transitions induced by light of a speciﬁc spectral composition canbring about a structural rearrangement of the thylakoid membrane
even at a larger scale [51]. It is also intriguing that the extent of in vitro
thylakoid membrane unstacking can be further enhanced by e.g. low
salt conditions or elevated temperature, when a complete reversible
unstacking of the thylakoid membrane can be observed [50,54,59,60].
It clearly indicates that the thylakoidmembrane represents a dynamic
system, which can undergo under different conditions of highly
variable structural rearrangements. It remains to be answered
whether only one or more factors are involved in a regulation of the
induced membrane rearrangements.
Secondly, the vertical distances between the stacked grana
membranes are highly variable [41]. On the stromal side, the grana
membranes are very ﬂat, as their protein constituents (PSII, LHCII, cyt
b6/f complex) do not possess any protruding stromal domains. These
structural features allow a very close stromal contact between two
adjacent layers, which facilitates the stacking of these membranes
(reviewed in Ref. [17]). The width of the stromal gap, estimated from
thin sections of plastic-embedded chloroplasts, was found to vary
between 2 nm and 4 nm. A value of 2.6 nm was determined from an
atomic force microscopy study [61], which seems to represent a
situation of displaced organization of PSII complexes in two adjacent
membranes. Analysis of cryo tomography data indicates an average
width of the stromal gap 3.2 nm [34], which most likely represents a
spatial limit for a juxtaposition of PSII complexes. Calculation of
electrostatic surfaces from the X-ray structure of LHCII [14] and their
ﬁtting into the tomography data prooved that the stromal gap of
3.2 nm is sufﬁcient to accommodate N terminal peptides of two
adjacent LHCII trimers upon their interdigitation [34]. In contrast, at
the lumenal side, the distance between the membranes is (i) much
larger due to the presence of large membrane-protruding subunits of
the PSII core and cytochrome b6/f complex and (ii) much more
variable. The lumen width derived from plastic-embedded thin-
sectioned chloroplasts varies roughly from 6 to 16 nm (reviewed in
Ref. [17]). Recently, cryo tomography data reported a lumen width
within the above range [42,62], although a tighter contact of about
5 nm was also reported in cryo tomography [34] and an atomic force
microscopy study [61]. The observed variation is related to the light-
induced acidiﬁcation of the lumen, which was accompanied by a
shrinking of the lumen volume [34,41,63,64]. However, the observed
effect of light on the lumen width seems to represent a more complex
response, as the opposite light effect was observed during state
transitions. Under state 2 light conditions, a swelling of the lumen
volume up to about 24 nm was observed [51], which strikingly differs
from e.g. ~5 nm lumen width observed in plants adapted to growing
light conditions [34]. It was hypothesized that the observed variation
of the lumen volume is mediated by the light-induced structural
rearrangement of the oxygen-evolving-complex (OEC) of PSII [65],
which represents the largest membrane-protruding domain at the
lumenal side and thus the main spatial barrier determining the lumen
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active, a fully assembled OEC complex can closely interact in the
lumenwith the OEC of the opposite PSII complex. Under unfavourable
light conditions, which lead to an inhibition of the photochemical
activity of PSII complex, the OEC complex and its interaction with the
opposite OEC are destabilized, which results in an expansion of the
lumen. Namely PsbQ, an extrinsic subunit of OEC of PSII, was proposed
to be a key subunit involved in the above-mentioned interactions as
well as in the structure and dynamics of grana membrane stacking
[65]. However, considering the height of OEC complex (about 4.5 nm),
the hypothesis can only explain a shrinkage of the lumen up to 9 nm
for a juxtaposition of PSII complexes. Reported values of the lumen
width under 9 nm have to indicate a displacement of OECs of
opposing PSII complexes. Although a mechanism and reason of the
lumenal volume variation is not fully understood yet, shrinkage of the
lumen space could severely hinder the mobility of the complexes in
both membranes [61] and also limit the available volume for lumenal
proteins. On the contrary, a lumen swelling under e.g. state 2
conditions [51] could facilitate a lateral diffusion of phosphorylated
LHCII in the grana membrane. The ﬁnding of novel densities attached
to the lumenal side of LHCII trimers in supercomplexes (see below in
Section 4.3.2 and Fig. 6) further constrains possible large-scale
shrinkage of lumen widths.
4.3. Higher organization of PSII in situ
4.3.1. Possibilities and limitations of freeze-fracture EM and AFM
The possibility of studying the 3D organization of photosynthetic
proteins in situ, within the thylakoid membrane has been a long
standing dream, because it would give an opportunity to obtain
information about their distribution and their higher organization. As
will be explained in the next section, this possibility was only realized
recently. For many years, freeze-fracture EM was the only way to
obtain basic information about a lateral distribution of photosynthetic
proteins within different compartments of thylakoid membrane from
a metal replica of split lipid bilayer (see Ref. [32] for a review).
Although the resolution of the technique is rather limited, it allows
monitoring the protein density and distances of neighboring
complexes in the membrane. Using this approach, an interestingFig. 6. 3D model of the PSII core complex and its possible organization in a pair of grana m
reconstructions, viewed from the lumenal side and from a side along the membrane plane
complex together with extrinsic subunits of oxygen-evolving complex resolved on the lume
lumenal side of the PSII complex. A comparison of the isosurface model of PSII complex w
lumenal side indicates that the spherical densities coincide with the position of LHCII trim
opposing PSII complexes. (B) A juxtaposition position of PSII complexes of two opposing gr
complex and novel lumenal densities revealed by cryo tomography represent a physical barri
space is only possible upon a full lateral displacement of opposing PSII complexes.observation was recently made by a study of PSII rearrangements
under either low light or high light intensities, which were found to
induce a decrease in the density of PSII in the grana thylakoid
membrane [66,67]. Moreover, the former study revealed the forma-
tion of rows of ordered PSII particles in low light grana thylakoids.
Freeze-fracture EM was also used to show that the formation of a
photoprotective state induced by a short-term exposure of plants to
high light is accompanied by rapid and reversible structural re-
arrangements of photosynthetic proteins in the membrane. These re-
arrangements involve the dissociation of LHCII from PSII followed by
LHCII aggregation and a tighter clustering of PSII particles [68]. Atomic
force microscopy is another technique to study proteins in native
membranes, by means of their surface properties. Because of a higher
lateral resolution, in the range of about 4 nm, it can determine not
only the position of individual PSII complexes within unﬁxed grana
membranes, but also their orientation, which was found to be often in
a parallel alignment [61, K. Sznee, J.P. Dekker, R.T. Dame, H. van Roon,
G.J.L. Wuite and R.N. Frese, manuscript in preparation]. In particular,
height differences can be determined quite accurately.
4.3.2. Emerging technique of cryo electron tomography
Although the AFM technique can provide structural data in three
dimensions, it is basically limited to register the surface topology of
objects with height differences. Hence the amount of structural
information about, e.g., a three-dimensional membrane stack is rather
limited. In contrast, cryo electron tomography can provide full 3D
information and is currently the most promising technique with a
great potential to fully extend our structural knowledge of intact
biological objects in three dimensions close to in vivo conditions [69].
Cryo electron tomography is most efﬁcient with thin objects because
there is a direct relation between the size of an object and the
theoretical resolution [70]. Objects up to about 0.5–1 μm can be
studied at reasonable resolution, but for larger objects the thickness
causes problems, engraved by multiple scattering of electrons. To
overcome the specimen thickness limitation, large objects can be cut
into a series of thin vitrious sections, which are examined separately.
An alternative approach is to slightly disrupt organelles. The loss of in
vivo conditions is compensated by a possibility to reach a higher
resolution in a tomographic reconstruction. The latter approach wasembranes. (A) 3D average of subvolumes of PSII complexes selected from tomographic
(from the top to the bottom, respectively) [62]. Isosurface model shows the PSII core
nal side of the complex. Further, four additional spherical densities were revealed at the
ith a pseudo-atomic model of the complete PSII supercomplex [24] viewed from the
ers. (B, C) Possibilities in the variation of the lumenal width at different positions of
ana membranes results in a large lumenal space. Extrinsic subunits of oxygen-evolving
er of a closer contact between the opposing granamembranes. (C) Shrinkage of lumenal
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situ, inside the isolated thylakoid membrane [34,62]. Typical densities
of the extrinsic parts of PSII core complexeswere clearly distinguished
in tomograms of different preparations of stacked thylakoid mem-
branes, including mild digitonin solubilization or osmotic shock. PSII
core complexes were found to be either randomly distributed within
the thylakoid membrane [34,62] or they were organized in 2D arrays
of C2S2 supercomplexes. Interestingly, 2D arrays of PSII complexes
were merely found in pairs, in two adjacent membrane layers, which
were in a contact through their stromal sides [34]. Analysis of PSII
interactions in those adjacent layers indicates multiple speciﬁc
interactions between PSII subunits, including PSII reaction centers,
LHCII trimers and minor antennae, which all might contribute to the
grana stacking [17,34]. Analysis of positions of randomly distributed
PSII cores and their distances from neighboring complexes within an
entire membrane layer indicated that about one quarter of super-
complexes in spinach must be of smaller size than full C2S2M2
supercomplexes, to avoid overlap [62]. This is consistent with earlier
EM studies of grana membranes, where in case of crystalline arrays
the C2S2M units were found to be predominant [35]. Tomography data
further showed that regardless of a minor fraction of unassigned
densities, there were several membrane areas, which were very ﬂat
and free of PSII supercomplexes or other protruding proteins [62].
Similar areas were found by AFM (Sznee et al., manuscript in
preparation). It was suggested that they can be occupied by free
LHCII proteins [17]. Calculations by Kirchhoff [71] on the numbers of
lipids and proteins exclude the presence of large lipid-only areas. It
should be pointed out that light growing conditions have a strong
inﬂuence on the amount of free and bound LHCII [55], which can
modify a relative ratio between different types of PSII supercomplexes
(e.g. C2S2M2, C2S2M, C2S2).
The fact that PSII core densities can be traced in tomograms offers
the possibility to perform 3D averaging of hundreds of subvolumes
containing such large proteins. In this way electron tomography can
reveal details of protein structures in situ[34,62]. This opportunity will
make sure that in the future electron tomography will ﬁll the gap
between high-resolution structures on the one side and low-
resolution information of cellular structures on the other side. In the
study of Kouřil et al., the PSII complex was resolved at 40 Å resolution,
which revealed novel protein densities associated with the PSII
supercomplexes, which were not observed before in isolated forms of
PSII complexes (Fig. 6). Similar densities were also observed in recent
AFM data (Sznee et al., manuscript in preparation). The nature of
these protein densities, however, has to be established.
5. Structural rearrangements of protein complexes upon
short-term adaptation
In most habitats, plants are exposed to a wide variety of irradiance
intensities. There are two major short-term acclimations to changing
light quantities and quality in which PSII supercomplexes are
involved. A redistribution of absorbed light energy between PSI and
PSII by means of a reversible redistribution of mobile LHCII trimers is
called ‘state transitions’ (see Refs. [72–76] for reviews). Besides a
redistribution, the formation of LHCII aggregates seems also to
mediate the energy balance [76]. The other main fast acclimation is
non-photochemical quenching (NPQ) when the light intensity
exceeds the plant's capacity for photosynthesis [77]. Without proper
protection, the accumulation of excited states will result in the
accumulation of harmful oxygen species, which can damage the
membranes, pigments and proteins of the photosynthetic organism
[78,79]. The ability of plants in high light conditions to harmlessly
dissipate excess excitation energy into heat is called high-energy
quenching (qE) and is one of the main features of NPQ. Recent reports
suggest that qE quenching involves dissociation of a complex
consisting of CP24, CP29 and M-LHCII [80]. Thus it has beenspeculated that the formation of energy-dissipative LHCII aggregates
is relevant for both qE and state transitions, at least in the green alga
C. reinhardtii [76]. If such energy-dissipative aggregation is facilitated
by acidiﬁcation of the lumen and/or reinforced by PsbS, the quenching
could be classiﬁed as qE; if it is induced by redox-controlled
LHCII phosphorylation, the quenching could be classiﬁed as a state
transition [76,81,82].
5.1. State transitions
State transitions refer to a mechanism by which excitation energy
is redistributed among PSI and PSII when they become exposed to
light conditions that preferably excite either PSI or PSII. There is
general consensus now about the basic features of this process. When
PSII is preferentially excited by ‘light 2’, the plastoquinone pool
becomesmore reduced, which leads to a conformational change of the
cytochrome b6/f complex, which in turn activates a kinase bound to
the b6/f complex. A number of kinases have been characterized [75]
and they all have in common a single transmembrane α-helix and a
large extrinsic part at the stromal side of the membrane, suggesting
that these kinases cannot occur in the grana stacks because of steric
hinderance and thus are located in the stromamembranes. The kinase
is then released from b6/f, after which it can migrate to the margins
between stroma and grana membranes, where it meets LHCII and
promotes its phosphorylation. Phosphorylated LHCII has a decreased
afﬁnity for the grana stacks because of the charges on the phosphate
groups and thus a lateral movement of phosphorylated LHCII from
grana to stroma occurs where it can meet PSI, to form a PSI–LHCII
supercomplex [83]. Such a move can explain the shift from ‘state 1’
(induced by ‘light 1’) to ‘state 2’ (induced by ‘light 2’) in plants.
There are several aspects of this mechanism that interfere with the
supramolecular organization of PSII and PSI supercomplexes in the
thylakoid membranes. Recent studies have focussed on the green alga
C. reinhardtii, rather than on green plants, because the overall state
transition effect is much larger in this particular species [84]. Gel
ﬁltration and electron microscopy of afﬁnity-puriﬁed C. reinhardtii
particles showed that a PSII–LHCII megacomplex was predominant in
state 1, whereas the PSII core complex was predominant in state 2,
indicating LHCII trimers dissociate from PSII upon a state 1-to-2
transition. Moreover, in state 2, strongly phosphorylated LHCII was
found in the supercomplex, but not in the megacomplex. Phosphor-
ylated minor LHCIIs (CP26 and CP29) were only found in the unbound
form. The PSII subunits including the CP43 and D2 proteins were most
phosphorylated in the core complex. Based on these observations, a 3-
stepmodel was proposed for the PSII remodeling during a state 1-to-2
transition [76]. Initially, unphosphorylated LHCIIs stabilize the
megacomplex (State 1), then in step 1: the phosphorylation of LHCII
in a LHCII trimer triggers the division of themegacomplex, resulting in
individual C2S2 supercomplexes; step 2: the phosphorylation of CP26
and CP29, as well as the PSII core subunits D2 and CP43, induce the
undocking of all the LHCIIs from PSII; and in step 3: the dissociated
LHCIIs reassociate with the PSI–LHCI supercomplex yielding state 2.
Although this is a plausible mechanism for the state transitions in
C. reinhardtii, we would like to make a few critical notes. First, there is
to our knowledge and unlike in plants no solid evidence for the
binding of trimeric LHCII to PSI in state 2. After the publication of our
electron microscopic analysis of PSI complexes of C. reinhardtii [85] it
appeared that these complexes were obtained from membranes
poised in a mixture of state 1 and state 2 (J.A. Ihalainen, unpublished
observations). In this analysis, we found two types of PSI super-
complexes, but the size difference was consistent with a monomeric
LHC-type of protein, and certainly not by a trimeric complex. Second, it
is clear that the PSII protein CP29 has considerable afﬁnity for the PSI
complex of C. reinhardtii, which in turn inﬂuences the association of the
PSII–LHCII supercomplex. All association–dissociation processes are
equilibria, and when CP29 (a complex that is crucial for the stability of
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PSI, it will result in a shift of the equilibrium of PSII–LHCII formation
towards the dissociated form. Third, free LHCII complexes don't need to
be ﬁrmly bound to PSI to induce excitation energy transfer to PSI. In
artiﬁcially unstacked thylakoid membranes from spinach, a consider-
able part of the energy transfer from LHCII to PSIwas ‘slow’ (in the order
of 150 ps), in contrast to ‘fast’ energy transfer from LHCII to PSI in a PSI–
LHCII complex (in the order of 30 ps) [60], but both contribute to the
increased absorption cross-section of PSI and both contribute therefore
to the state transition.
Although green plants and C. reinhardtii have similar PSII
complexes and peripheral antenna components, we speculate that
the molecular mechanisms for the state transitions are quite different.
In plants most of the LHCII is not accessible for the kinase, probably
because a tight stacking of grana membranes restricts the LHCIIs that
can be phosphorylated to those near the margins. In addition, the
direct binding of an LHCII trimer to PSI induces a relatively large
change in antenna cross section of PSI, and so the state transition
mechanism is basicallymeant to provide PSI a larger absorption cross-
section in state 2. In C. reinhardtii, a much larger part of PSII is
accessible for the kinase, perhaps because of a less tight stacking of the
thylakoidmembrane. In view of the disappearance of the organization
in supercomplexes, the main effect of the state transition is to provide
PSII a smaller absorption cross-section in state 2, rather than to
increase the absorption cross-section of PSI, because the permanent
peripheral antenna of C. reinhardtii PSI is already much larger than in
plant PSI.
Molecular details of the state transition mechanism have to be
further studied, for instance, it is not yet clear how a protein like Lhcb3
(part of the M-LHCII trimer) modulates the state transitions [86].
5.2. High-energy quenching
The process of qE is triggered by acidiﬁcation of the thylakoid
lumen, which activates violaxanthin de-epoxidase, the enzyme that
converts violaxanthin into zeaxanthin [87]. There is currently no
consensus on the precise physical mechanism of quenching, nor on
the site or sites in the PSII–LHCII macrostructure where the quenching
occurs. Some authors favor a major role of the minor complexes (in
particular CP24) [88,89], others prefer also an important role for the
major trimeric complex LHCII [90].
How the structural changes underlying the quenching take place is
not known in detail. It became clear, however, that the association and
dissociation of a ﬁve-subunit membrane complex, composed of CP29
and CP24 and the trimeric LHCII-M, named B4C, is an important step
[80]. Dissociation of this supercomplex seems essential for the onset
of non-photochemical ﬂuorescence quenching in high light, possibly
because it makes quenching sites available for the switch to an
energy-quenching conformation. These association and dissociation
changes are reversible and do not require protein synthesis and
degradation, thus allowing for rapid changes in light adaptation.
The process also requires the presence of the PsbS protein [91] as
well as its protonation by the acidiﬁcation of the thylakoid lumen [92].
There is no clear evidence yet for a direct structural role for PsbS in the
quenching, also because it is not present in PSII–LHCII super-
complexes and also not in PSII–LHCII supercomplexes organized in
2D arrays [93]. A clear indirect effect of PsbS is in the macro-
organization of PSII within the grana membranes. The amount of PsbS
determines the proportion of supercomplexes that are organised into
semi-crystalline arrays, and in addition determines the precise shape
of the psi-type CD signal [94], that thus can be used as a spectroscopic
ﬁngerprint of ordered arrays in the thylakoidmembranes (see also the
discussion in Ref. [95]). In Arabidopsis mutants with overexpressed
PsbS such arrays are absent [93,94] and the capacity for qE is increased
by around two-fold [96], whereas in a mutant lacking PsbS there are
signiﬁcantly more crystals. Thus the vital role of PsbS in qE may beexplained in such a way that the changes in conformation and/or
interactions between LHCII subunits that are required for the
formation of the quenching state require a loose association of PSII
supercomplexes. This may also be considered as the fully functional
photosynthetic state that is fully competent in electron transport and
able to rapidly and reversibly switch between the light harvesting and
photoprotective state (see Fig. 3 from Ref. [93]). When the tendency
for strong interaction is present, giving rise to an increased proportion
of crystalline arrays, these changes in conformation are inhibited and
qE prevented. Speciﬁcally, the dissociation of the aggregate of CP29,
CP24 and the M-LHCII trimer, mentioned above and considered to be
an obligatory event in qE formation [80], would be prevented. Further
work is, however, necessary to test the hypothesis that qE involves a
PsbS-catalyzed re-organisation of PSII supercomplexes in the grana
membrane, mediating the transition between the unquenched and
quenched states.6. Outlook
With recent progress by single particle electron microscopy,
atomic force microscopy and tomographic reconstructions of intact
and fragmented chloroplasts we have provided insight in the
supramolecular organization of PSII and how the thylakoid mem-
branes are organized in the chloroplast. The ﬁnal question is then
what should come next? Tomography of complete chloroplasts is still
at the level of membranes. One would like to see in the near future a
completely reconstructed chloroplast at the level of individual
proteins and protein–protein interactions. This is not impossible,
but heavily relying on further improvements in hardware to increase
resolution in electron tomography [97].
There is also a strong demand for higher-resolution data of the
plant supercomplex, to understand in more detail excitation energy
transfer and phenomena like state transitions and NPQ in the
peripheral antenna. There are several questions to be solved in the
core part of PSII but it should be emphasized that the high-resolution
structures of the core complex of cyanobacteria cannot compensate
for the lack of a high-resolution model of the plant core complex,
because their proteins differ in their primary sequence and they have
even a different subunit composition. For instance, the higher plants
contain three small proteins (PsbR, PsbTn, and PsbW) that are not
present in cyanobacteria [98], and both their localization and
functional properties remain unclear. X-ray diffraction is the most
obvious way to solve protein structures. However, for large, fragile
structures like the PSII supercomplex this may be a very tedious
enterprise. Single particle analysis has become an alternative in the
case of large, water-soluble protein complexes [99] and large virus
structures can be solved at high resolution. The C2S2M2 supercomplex
was, however, found to be ﬂexible which limited the ﬁnally obtained
resolution to only 12 Å [24]. Before single particle analysis became the
most-popular way of performing EM analysis, electron crystallogra-
phy was already an established technique and maybe this technique
can provide higher resolution in the particular case of PSII. Noteworthy,
this technique resulted in an LHCII structure [100], long before the X-ray
structures became available.
In conclusion, structure determination has to go on to provide
insight to one of the basic aspects of an enzyme, to fully understand
and appreciate the light reactions of photosynthesis.References
[1] A. Williamson, B. Conlan, W. Hillier, T. Wydrzynski, The evolution of
photosystem II: insights into the past and future, Photosynth. Res. 107 (2011)
71–86.
[2] A. Zouni, H.T. Witt, J. Kern, P. Fromme, N. Krauss, W. Saenger, P. Orth, Crystal
structure of photosystem II from Synechococcus elongatus at 3.8 angstrom
resolution, Nature 409 (2001) 739–743.
11R. Kouřil et al. / Biochimica et Biophysica Acta 1817 (2012) 2–12[3] N. Kamiya, J.R. Shen, Crystal structure of oxygen-evolving photosystem II from
Thermosynechococcus vulcanus at 3.7-angstrom resolution, Proc. Natl. Acad. Sci.
U.S.A. 100 (2003) 98–103.
[4] K.N. Ferreira, T.M. Iverson, K. Maghlaoui, J. Barber, S. Iwata, Architecture of the
photosynthetic oxygen-evolving center, Science 303 (2004) 1831–1838.
[5] B. Loll, J. Kern, W. Saenger, A. Zouni, B. Biesiadka, Towards complete cofactor
arrangement in the 3.0 angstrom resolution structure of photosystem II, Nature
438 (2005) 1040–1044.
[6] F. Müh, T. Renger, A. Zouni, Crystal structure of cyanobacterial photosystem II at
3.0 Å resolution: a closer look at the antenna system and the small membrane-
intrinsic subunits, Plant Physiol. Biochem. 46 (2008) 238–264.
[7] A. Guskov, J. Kern, A. Gabdulkhakov, M. Broser, A. Zouni, A.W. Saenger,
Cyanobacterial photosystem II at 2.9-Å resolution and the role of quinones,
lipids, channels and chloride, Nat. Struct. Mol. Biol. 16 (2009) 334–342.
[8] K.U. Cormann, J.A. Bangert, M. Ikeuchi, M. Rögner, R. Stoll, M.M. Nowaczyk,
Structure of Psb27 in solution: implications for transient binding to photosystem
II during biogenesis and repair, Biochemistry 48 (2009) 8768–8770.
[9] P.D. Mabbitt, G.J. Rautureau, C.L. Day, S.M. Wilbanks, J.J. Eaton-Rye, M.G. Hinds,
Solution structure of Psb27 from cyanobacterial photosystem II, Biochemistry 48
(2009) 8771–8773.
[10] S.A. Jackson, R.D. Fagerlund, S.M. Wilbanks, J.J. Eaton-Rye, Crystal structure of
PsbQ from Synechocystis sp. PCC 6803 at 1.8 Å: implications for binding and
function in cyanobacterial photosystem II, Biochemistry 49 (2010) 2765–2767.
[11] Y. Yang, T.A. Ramelot, J.R. Cort, D. Wang, C. Ciccosanti, K. Hamilton, R. Nair, B.
Rost, T.B. Acton, R. Xiao, J.K. Everett, G.T. Montelione, M.A. Kennedy, Solution
NMR structure of photosystem II reaction center protein Psb28 from Synecho-
cystis sp. strain PCC 6803, Proteins 79 (2011) 340–344.
[12] X. Pan, M. Li, T. Wan, L.Wang, C. Jia, Z. Hou, X. Zhao, J. Zhang,W. Chang, Structural
insights into energy regulation of light-harvesting complex CP29 from spinach
Nature Struct, Mol. Biol. 18 (2011) 309–315.
[13] Z. Liu, H. Yan, K. Wang, T. Kuang, J. Zhang, L. Gui, X. An, W. Chang, Crystal
structure of spinach light-harvesting complex at 2.72 Å resolution, Nature 428
(2004) 287–292.
[14] R. Standfuss, A.C. Terwisscha van Scheltinga, M. Lamborghini, W. Kuhlbrandt,
Mechanisms of photoprotection and nonphotochemical quenching in pea light-
harvesting complex at 2.5 Å resolution, EMBO J. 24 (2005) 919–928.
[15] H. Schägger, Respiratory chain supercomplexes of mitochondria and bacteria,
Biochim. Biophys. Acta 1555 (2002) 154–159.
[16] N.V. Dudkina, H. Eubel, W. Keegstra, E.J. Boekema, H.-P. Braun, Structure of a
mitochondrial supercomplex formed by respiratory chain complexes I and III,
Proc. Natl. Acad. Sci. U.S.A. 102 (2005) 3225–3229.
[17] J.P. Dekker, E.J. Boekema, Supermolecular organization of the thylakoid
membrane proteins in green plants, Biochim. Biophys. Acta 1706 (2005) 12–39.
[18] S. Jansson, A guide to the Lhc genes and their relatives in Arabidopsis, Trends
Plant Sci. 4 (1999) 236–240.
[19] S. Jansson, The light-harvesting chlorophyll a/b binding proteins, Biochim.
Biophys. Acta 1184 (1994) 1–19.
[20] E.J. Boekema, H. van Roon, F. Calkoen, R. Bassi, J.P. Dekker, Multiple types of
association of photosystem II and its light-harvesting antenna in partially
solubilized photosystem II membranes, Biochemistry 38 (1999) 2233–2239.
[21] B. Hankamer, E. Morris, J. Nield, A. Carne, J. Barber, Subunit positioning and
transmembrane helix organisation in the core dimer of photosystem II, FEBS Lett.
504 (2001) 142–151.
[22] B. Hankamer, J. Barber, E.J. Boekema, Structure and membrane organization of
photosystem II in green plants, Annu. Rev. Plant Physiol. Plant Mol. Biol. 48
(1997) 641–671.
[23] J. Nield, J. Barber, Reﬁnement of the structural model for the photosystem II
supercomplex of higher plants, Biochim. Biophys. Acta 1757 (2006) 353–361.
[24] S. Caffarri, R. Kouřil, S. Kereïche, E.J. Boekema, R. Croce, Functional architecture of
higher plant photosystem II supercomplexes, EMBO J. 28 (2009) 3052–3063.
[25] M.G. Rossmann, Fitting atomic models into electron-microscopy maps, Acta
Crystallogr. D56 (2000) 1341–1349.
[26] A.E. Yakushevska, W. Keegstra, E.J. Boekema, J.P. Dekker, J. Andersson, S. Jansson,
A.V. Ruban, P. Horton, The structure of photosystem II in Arabidopsis: localization
of the CP26 and CP29 antenna complexes, Biochemistry 42 (2003) 806–813.
[27] J. Andersson, R.G. Walters, P. Horton, S. Jansson, Antisense inhibition of the
photosynthetic antenna proteins CP29 and CP26: implications for the mecha-
nism of protective energy dissipation, Plant Cell 13 (2001) 1193–1204.
[28] L. Kovacs, J. Damkjær, S. Kereïche, C. Ilioaia, A. Ruban, E.J. Boekema, S. Jansson, P.
Horton, Lack of the light-harvesting complex CP24 affects the structure and
function of the grana membranes of higher plant chloroplasts, Plant Cell 18
(2006) 3106–3120.
[29] J.G. García-Cerdán, L. Kovács, T. Tóth, S. Kereïche, E. Aseeva, E.J. Boekema, E.
Mamedov, C. Funk, W.P. Schröder, The PsbW protein stabilizes the supramolec-
ular organization of photosystem II in higher plants, Plant J. 65 (2011) 368–381.
[30] A.V. Ruban, M. Wentworth, A.E. Yakushevska, J. Andersson, P.J. Lee, W. Keegstra,
J.P. Dekker, E.J. Boekema, S. Jansson, P. Horton, Plants lacking the main light-
harvesting complex retain photosystem II macro-organization, Nature 421
(2003) 648–652.
[31] J. Andersson, M. Wentworth, R.G. Walters, C.A. Howard, A.V. Ruban, P. Horton, S.
Jansson, Absence of the Lhcb1 and Lhcb2 proteins of the light-harvesting
complex of photosystem II—effects on photosynthesis, grana stacking and
ﬁtness, Plant J. 35 (2003) 350–381.
[32] L.A. Staehelin, Chloroplast structure: from chlorophyll granules to supra-
molecular architecture of thylakoid membranes, Photosynth. Res. 76 (2003)
185–196.[33] H. Kirchhoff, W. Haase, S. Wegner, R. Danielsson, R. Ackermann, P.A. Albertsson,
Low-light-induced formation of semicrystalline photosystem II arrays in higher
plant chloroplasts, Biochemistry 46 (2007) 11169–11176.
[34] B. Daum, D. Nicastro, J. Austin, J. McIntosh, W. Kühlbrandt, Arrangement of
photosystem II and ATP synthase in chloroplast membranes of spinach and pea,
Plant Cell 22 (2010) 1299–1312.
[35] E.J. Boekema, J.F.L. van Breemen, H. van Roon, J.P. Dekker, Arrangement of
photosystem II supercomplexes in crystalline macrodomains within the thylakoid
membrane of green plant chloroplasts, J. Mol. Biol. 301 (2000) 1123–1133.
[36] A.E. Yakushevska, P.E. Jensen, W. Keegstra, H. van Roon, H.V. Scheller, E.J.
Boekema, J.P. Dekker, Supermolecular organization of photosystem II and its
associated light-harvesting antenna in Arabidopsis thaliana, Eur. J. Biochem. 268
(2001) 6020–6021.
[37] D.A. Berthold, G.T. Babcock, C.F. Yocum, A highly resolved, oxygen-evolving
photosystem II preparation from spinach thylakoid membranes. EPR and
electron transport properties, FEBS Lett. 134 (1981) 231–234.
[38] S. Haferkamp, W. Haase, A.A. Pascal, H. van Amerongen, H. Kirchhoff, Efﬁcient
light harvesting by photosystem II requires an optimized protein packing
density in grana thylakoids, J. Biol. Chem. 285 (2010) 17020–17028.
[39] B. van Oort, M. Alberts, S. de Bianchi, L. Dall'Osto, R. Bassi, G. Trinkunas, R. Croce,
H. van Amerongen, Effect of antenna-depletion in photosystem II on excitation
energy transfer in Arabidopsis thaliana, Biophys. J. 98 (2010) 922–931.
[40] C.W. Mullineaux, Function and evolution of grana, Trends Plant Sci. 10 (2005)
521–525.
[41] J.M. Anderson, W.S. Chow, J. de las Rivas, Dynamic ﬂexibility in the structure and
function of photosystem II in higher plant thylakoid membranes: the grana
enigma, Photosynth. Res. 98 (2008) 575–587.
[42] E. Shimoni, O. Rav-Hon, I. Ohad, V. Brumfeld, Z. Reich, Three-dimensional
organization of higher-plant chloroplast thylakoid membranes revealed by
electron tomography, Plant Cell 17 (2005) 2580–2586.
[43] L. Mustardy, G. Garab, Granum revisited. A threedimensional model—where
things fall into place, Trends Plant Sci. 8 (2003) 117–122.
[44] D.J. Paolillo, 3-Dimensional arrangement of intergranal lamellae in chloroplasts,
J. Cell Sci. 6 (1970) 243–255.
[45] L.A. Mustardy, A.G.S. Janossy, Evidence of helical thylakoid arrangement by
scanning electron-microscopy, Plant Sci. Lett. 16 (1979) 281–284.
[46] L.A. Staehelin, G.W.M. van der Staay, Structure, composition, functional
organisation and dynamic properties of thylakoid membranes, in: D.R. Ort, C.F.
Yocum (Eds.), Oxygenic Photosynthesis: The Light Reactions, Kluwer Academic
Publishers, Dordrecht, The Netherlands, 1996, pp. 11–30.
[47] L. Mustardy, K. Buttle, G. Steinbach, G. Garab, The three-dimensional network of
the thylakoid membranes in plants: quasihelical model of the granum–stroma
assembly, Plant Cell 20 (2008) 2552–2557.
[48] J.R. Austin, L.A. Staehelin, Three-dimensional architecture of grana and stroma
thylakoids of higher plants as determined by electron tomography, Plant Physiol.
155 (2011) 1601–1611.
[49] B. Andersson, J.M. Anderson, Lateral heterogeneity in the distribution of
chlorophyll–protein complexes of the thylakoid membranes of spinach
chloroplasts, Biochim. Biophys. Acta 593 (1980) 427–440.
[50] P.O. Arvidsson, C. Sundby, A model for the topology of the chloroplast thylakoid
membrane, Aust. J. Plant Physiol. 26 (1999) 678–694.
[51] S.G. Chuartzman, R. Nevo, E. Shimoni, D. Charuvi, V. Kiss, I. Ohad, V. Brumfeld, Z.
Reich, Thylakoid membrane remodeling during state transitions in Arabidopsis,
Plant Cell 20 (2008) 1029–1039.
[52] V. Brumfeld, D. Charuvi, R. Nevo, S. Chuartzman, O. Tsabaki, I. Ohad, E. Shimoni, Z.
Reich, A note on three-dimensional models of higher-plant thylakoid networks,
Plant Cell 20 (2008) 2546–2549.
[53] G. Garab, C.A. Mannella, Reply: on three-dimensional models of higher-plant
thylakoid networks: elements of consensus, controversies, and future experi-
ments, Plant Cell 20 (2008) 2549–2551.
[54] D. Kaftan, V. Blumfeld, R. Nevo, A. Scherz, Z. Reich, From chloroplasts to
photosystems: in situ scanning force microscopy on intact thylakoid mem-
branes, EMBO J. 21 (2002) 6146–6153.
[55] J.M. Anderson, Photoregulation of the composition, function and structure of
thylakoid membranes, Annu. Rev. Plant Physiol. Plant Mol. Biol. 37 (1986) 93–136.
[56] H.K. Lichtenthaler, C. Buschmann, M. Döll, H.J. Fietz, T. Bach, U. Kozel, D. Meier, U.
Rahmsdorf, Photosynthetic activity, chloroplast ultrastructure, and leaf charac-
teristics of high-light and low-light plants and of sun and shade leaves,
Photosynth. Res. 2 (1981) 115–141.
[57] P.R. Rozak, R.M. Seiser, W.F. Wacholtz, R.R. Wise, Rapid, reversible alterations in
spinach thylakoid appression upon changes in light intensity, Plant Cell Environ.
25 (2002) 421–429.
[58] E. Rintamaki, P. Martinsuo, S. Pursiheimo, E.M. Aro, Cooperative regulation of
light-harvesting complex II phosphorylation via the plastoquinol and ferredox-
in–thioredoxin system in chloroplasts, Proc. Natl. Acad. Sci. U.S.A. 97 (2000)
11644–11649.
[59] K. Gounaris, A.P.R. Brain, P.J. Quinn, W.P. Williams, Structural and functional
changes associated with heat-induced phase-separations of non-bilayer lipids in
chloroplast thylakoid membranes, FEBS Lett. 153 (1983) 47–52.
[60] C.D. van der Weij-de Wit, J.A. Ihalainen, R. van Grondelle, J.P. Dekker, Excitation
energy transfer in native and unstacked thylakoid membranes studied by low
temperature and ultrafast ﬂuorescence spectroscopy, Photosynth. Res. 93 (2007)
173–182.
[61] H. Kirchhoff, S. Lenhert, C. Büchel, L. Chi, J. Nield, Probing the organization of
photosystem II in photosynthetic membranes by atomic force microscopy,
Biochemistry 47 (2008) 431–440.
12 R. Kouřil et al. / Biochimica et Biophysica Acta 1817 (2012) 2–12[62] R. Kouřil, G.T. Oostergetel, E.J. Boekema, Fine structure of granal thylakoid
membrane organization using cryo electron tomography, Biochim. Biophys. Acta
1807 (2011) 368–374.
[63] S. Murakami, L. Packer, Protonation and chloroplast membrane structure, J. Cell
Biol. 47 (1970) 332–351.
[64] P.Å. Albertsson, Interaction between the lumenal sides of the thylakoid
membrane, FEBS Lett. 149 (1982) 186–190.
[65] J. De Las Rivas, P. Heredia, A. Roman, Oxygen-evolving extrinsic proteins (PsbO,
P, Q, R): bioinformatic and functional analysis, Biochim. Biophys. Acta 1767
(2007) 575–582.
[66] H. Kirchhoff, I. Tremmel, W. Haase, U. Kubitscheck, Supramolecular photosystem
II organization in grana thylakoid membranes: evidence for a structured
affangement, Biochemistry 43 (2004) 9204–9213.
[67] T.K. Goral, M.P. Johnson, A.P.R. Brain, H. Kirchhoff, A.V. Ruban, C.W. Mullineaux,
Visualizing the mobility and distribution of chlorophyll proteins in higher plant
thylakoid membranes: effects of photoinhibition and protein phosphorylation,
Plant J. 62 (2010) 948–959.
[68] M.P. Johnson, T.K. Goral, C.D.P. Duffy, A.P.R. Brain, C.W. Mullineaux, A.V. Ruban,
Photoprotective energy dissipation involves the reorganization of photosystem
II light-harvesting complexes in the grana membranes of spinach chloroplasts,
Plant Cell 23 (2011) 1468–1479.
[69] O. Medalia, I. Weber, A.S. Frangakis, D. Nicastro, G. Gerisch, W. Baumeister,
Macromolecular architecture in eukaryotic cells visualized by cryoelectron
tomography, Science 298 (2002) 1209–1213.
[70] A. Klug, R.A. Crowther, Three-dimensional image reconstruction from the
viewpoint of information theory, Nature 238 (1972) 435–440.
[71] H. Kirchhoff, U. Mukherjee, H.J. Galla, Molecular architecture of the thylakoid
membrane: lipid diffusion space for plastoquinone, Biochemistry 41 (2002)
4872–4882.
[72] F.A. Wollman, State transitions reveal the dynamics and ﬂexibility of the
photosynthetic apparatus, EMBO J. 20 (2001) 3623–3630.
[73] A. Haldrup, P.E. Jensen, C. Lunde, H.V. Scheller, Balance of power: a view of the
mechanism of photosynthetic state transitions, Trends Plant Sci. 6 (2001)
301–305.
[74] J.F. Allen, State transitions—a question of balance, Science 299 (2003) 1530–1532.
[75] S. Lemeille, J.-D. Rochaix, State transitions at the crossroad of thylakoid signalling
pathways, Photosynth. Res. 106 (2010) 33–46.
[76] J. Minagawa, State transitions—the molecular remodeling of photosynthetic
supercomplexes that controls energy ﬂow in the chloroplast, Biochim. Biophys.
Acta 1807 (2011) 897–905.
[77] I. Szabó, E. Bergantino, G.M. Giacometti, Light and oxygenic photosynthesis:
energy dissipation as a protection mechanism against photo-oxidation, EMBO
Rep. 7 (2005) 629–634.
[78] J. Barber, B. Andersson, Too much of a good thing: light can be bad for
photosynthesis, Trends Biochem. Sci. 17 (1992) 61–66.
[79] P. Horton, A.V. Ruban, R.G. Walters, Regulation of light-harvesting in green
plants, Annu. Rev. Plant Physiol. Plant Mol. Biol. 47 (1996) 655–684.
[80] N. Betterle, M. Ballottari, S. Zorzan, S. de Bianchi, S. Cazzaniga, L. Dall'Osto, T.
Morosinotto, R. Bassi, Light-induced dissociation of an antenna hetero-oligomer
is needed for non-photochemical quenching induction, J. Biol. Chem. 284 (2009)
15255–15266.
[81] M. Iwai, M. Yokono, N. Inada, J. Minagawa, Live-cell imaging of photosystem II
antenna dissociation during state transitions, Proc. Natl. Acad. Sci. U.S.A. 107
(2010) 2337–2342.[82] D.M. Kramer, The photonic “smart grid” of the chloroplast in action, Proc. Natl.
Acad. Sci. U.S.A. 107 (2010) 2729–2730.
[83] R. Kouřil, A. Zygadlo, A.A. Arteni, C.D. de Wit, J.P. Dekker, P.E. Jensen, H.V.
Scheller, E.J. Boekema, Structural characterization of a complex of photosystem I
and light-harvesting complex II of Arabidopsis thaliana, Biochemistry 44 (2005)
10935–10940.
[84] M. Iwai, Y. Takahashi, J. Minagawa, Molecular remodeling of photosystem II
during state transitions in Chlamydomonas reinhardtii, Plant Cell 20 (2008)
2177–2189.
[85] M. Germano, A.E. Yakushevska, W. Keegstra, H.J. van Gorkom, J.P. Dekker, E.J.
Boekema, Supramolecular organization of photosystem I and light-harvesting
complex I in Chlamydomonas reinhardtii, FEBS Lett. 525 (2002) 121–125.
[86] J.T. Damkjær, S. Kereïche, M.P. Johnson, L. Kovacs, A.Z. Kiss, E.J. Boekema, A.V.
Ruban, P. Horton, S. Jansson, The photosystem II light harvesting protein Lhcb3
affects the macrostructure of photosystem II and the rate of state transitions in
Arabidopsis, Plant Cell 21 (2009) 3245–3256.
[87] B. Demmig-Adams, W.W. Adams III, The role of xanthophyll cycle carotenoids in
the protection of photosynthesis, Trends Plant Sci. 1 (1996) 21–26.
[88] S. de Bianchi, L. Dall'Osto, G. Tognon, T. Morosinotto, R. Bassi, Minor antenna
proteins CP24 and CP26 affect the interactions between photosystem II subunits
and the electron transport rate in grana membranes of Arabidopsis, Plant Cell 20
(2008) 1012–1028.
[89] F. Passarini, E. Wientjes, R. Hienerwadel, R. Croce, Molecular basis of light
harvesting and photoprotection in CP24, J. Biol. Chem. 284 (2009) 29536–29546.
[90] A.V. Ruban, R. Berera, C. Ilioaia, I.H.M. van Stokkum, J.T.M. Kennis, A.A. Pascal, H.
van Amerongen, B. Robert, P. Horton, R. van Grondelle, Identiﬁcation of a
mechanism of photoprotective energy dissipation in higher plants, Nature 450
(2007) 575–578.
[91] X.P. Li, O. Björkman, C. Shih, A.R. Grossman, M. Rosenquist, S. Jansson, K.K. Niyogi,
A pigment-binding protein essential for regulation of photosynthetic light
harvesting, Nature 403 (2000) 391–395.
[92] X.P. Li, A.M. Gilmore, S. Caffarri, R. Bassi, T. Golan, D. Kramer, K.K. Niyogi,
Regulation of photosynthetic light harvesting involves intrathylakoid lumen pH
sensing by the PsbS protein, J. Biol. Chem. 279 (2004) 22866–22874.
[93] S. Kereïche, A.Z. Kiss, R. Kouřil, E.J. Boekema, P. Horton, The PsbS protein controls
the macro-organisation of photosystem II complexes in the grana membranes of
high plant chloroplasts, FEBS Lett. 584 (2010) 759–764.
[94] A.Z. Kiss, A.V. Ruban, P. Horton, The PsbS protein controls the organisation of the
photosystem II antenna in higher plant thylakoid membranes, J. Biol. Chem. 283
(2008) 3972–3988.
[95] G. Garab, H. van Amerongen, Linear and circular dichroism in photosynthesis
research, Photosynth. Res. 101 (2009) 135–146.
[96] X.P. Li, P. Muller-Moule, A.M. Gilmore, K.K. Niyogi, PsbS-dependent enhance-
ment of feedback de-excitation protects photosystem II from photoinhibition,
Proc. Natl. Acad. Sci. U.S.A. 99 (2002) 15222–15227.
[97] N.V. Dudkina, G.T. Oostergetel, H.P. Braun, E.J. Boekema, Row-like organization of
ATP synthase in intact mitochondria determined by cryo-electron tomography,
Biochim. Biophys. Acta 1797 (2010) 272–277.
[98] L.X. Shi, W.P. Schröder, The low molecular mass subunits of the photosynthetic
supracomplex, photosystem II, Biochim. Biophys. Acta 1608 (2004) 75–96.
[99] E.J. Boekema, M. Folea, R. Kouřil, Single particle electronmicroscopy, Photosynth.
Res. 102 (2009) 189–196.
[100] W. Kühlbrandt, D.N. Wang, Y. Fujiyoshi, Atomic model of plant light-harvesting
complex by electron crystallography, Nature 367 (1994) 614–621.
